2+ -permeable cation channel, is expressed in peripheral sensory neurones where it is considered to contribute to a variety of sensory processes such as the detection of painful stimuli. Furthermore, TRPA1 was also identified in hair cells of the inner ear but its involvement in sensing mechanical forces is still being controversially discussed. Amphipathic molecules such as trinitrophenol and chlorpromazine have been shown to provide useful tools to study mechanosensitive channels. Depending on their charge, they partition in the inner or outer sheets of the lipid bilayer causing a curvature of the membrane which has been demonstrated to activate or inhibit mechanosensitive ion channels. In the present study we investigated the effect of these molecules on TRPA1 gating. TRPA1 is robustly activated by the anionic amphipathic molecule trinitrophenol. The whole-cell and single channel properties resemble those previously described for TRPA1. Moreover, we could show that the toxin GsMTx-4 acts on TRPA1. In addition to its recently described role as an inhibitor of stretchactivated ion channels, it serves as a potent activator of TRPA1 channels. On the other hand, the positively charged drug chlorpromazine modulates activated TRPA1 currents in a voltage-dependent way. The exposure of activated TRPA1 channels to chlorpromazine led to a block at positive potentials and an increased open probability at negative potentials. The variability in the shape of the I-V curve gives a first indication that native mechanically activated TRPA1 currents must not necessarily exhibit the same biophysical properties as ligand-activated TRPA1 currents.
TRPA1, a poorly selective Ca
2+ -permeable cation channel, is expressed in peripheral sensory neurones where it is considered to contribute to a variety of sensory processes such as the detection of painful stimuli. Furthermore, TRPA1 was also identified in hair cells of the inner ear but its involvement in sensing mechanical forces is still being controversially discussed. Amphipathic molecules such as trinitrophenol and chlorpromazine have been shown to provide useful tools to study mechanosensitive channels. Depending on their charge, they partition in the inner or outer sheets of the lipid bilayer causing a curvature of the membrane which has been demonstrated to activate or inhibit mechanosensitive ion channels. In the present study we investigated the effect of these molecules on TRPA1 gating. TRPA1 is robustly activated by the anionic amphipathic molecule trinitrophenol. The whole-cell and single channel properties resemble those previously described for TRPA1. Moreover, we could show that the toxin GsMTx-4 acts on TRPA1. In addition to its recently described role as an inhibitor of stretchactivated ion channels, it serves as a potent activator of TRPA1 channels. On the other hand, the positively charged drug chlorpromazine modulates activated TRPA1 currents in a voltage-dependent way. The exposure of activated TRPA1 channels to chlorpromazine led to a block at positive potentials and an increased open probability at negative potentials. The variability in the shape of the I-V curve gives a first indication that native mechanically activated TRPA1 currents must not necessarily exhibit the same biophysical properties as ligand-activated TRPA1 currents.
TRPA1 (also known as ANKTM1) is a calciumpermeant non-selective cation channel that belongs to the superfamily of the TRP 1 ion channels. Besides its transmembrane domain structure which is characteristic of all TRP channels, TRPA1 possesses 17 ankyrin repeats in its cytoplasmic Nterminal domain (1) , which could function as a gating spring (2) , thus making TRPA1 an attractive candidate as a potential mechanosensor. The activation mechanisms of TRPA1 are diverse: it can be activated by environmental irritants derived from plants such as isothiocyanates (3), icilin (4) , and allicin (5) and has been proposed to contribute to a variety of sensory processes, including detection of noxious cold, mechanosensation and inflammatory hyperalgesia (4;6) . Whilst an involvement in neurogenic inflammation and nociceptive hypersensitivity has been clearly demonstrated (7;8) , the contribution of TRPA1 to the transduction of noxious cold and mechanical stimuli remains controversial. Corey et al. (2004) provided evidence that TRPA1 is part of the hair cell mechanotransduction process, however, two independently generated TRPA1-deficient mice failed to show vestibular or auditory defects, raising doubts about the contribution of TRPA1 to the function of the hair-cell transduction channel (7;8) . In addition to its expression in inner and outer hair cells, TRPA1 can also be found in somatosensory neurones where it might play a role in decoding sensory or painful mechanical stimuli. Indeed, TRPA1-deficient mice have been reported to display a higher threshold in sensing noxious mechanical stimuli compared to wild-type mice and had reduced responses to a series of suprathreshold stimuli (7) . These findings could not be validated by a second group (8) and it remains to be confirmed that TRPA1 indeed contributes to a high-threshold mechanotransduction complex localised in the peripheral sensory system. A direct activation of TRPA1 by mechanical forces has not been described so far. TRPA1 channels are not sensitive to applying either positive or negative pressure via the recording pipette in patch-clamp experiments. Here we have used an alternative approach to examine a potential mechanical gating of TRPA1. We imparted mechanical stress to the lipid bilayer using two amphipathic molecules, trinitrophenol and chlorpromazine, which have been previously shown to influence gating of mechanosensitive channels (9) (10) (11) . Trinitrophenol is a negatively charged amphiphilic compound, which accumulates in the outer leaflet of the plasma membrane inducing a crenation of the membrane (12) . In contrast, the positively charged phenothiazine drug chlorpromazine incorporates preferentially into the inner leaflet of the membrane inducing a so-called cup-formation (12) . We analysed the effect of these compounds on gating characteristics of TRPA1 in calcium imaging and electrophysiological experiments. Both molecules modulate TRPA1 gating but do so in different ways. Application of trinitrophenol led to a robust and reversible activation of TRPA1 channels in both the whole-cell and cell-attached configurations similar to an activation by AITC. In contrast, chlorpromazine inhibited TRPA1 at positive holding potentials but markedly increased the open probability of TRPA1 at negative holding potentials. The presented data give a first indication that TRPA1 gating may be sensitive to membrane deformation and provide additional tools for identifying TRPA1-mediated cation permeabilities. ] i ) in single cells were carried out using the fluorescent indicator fura-2. In brief: transiently transfected HEK293 cells were seeded on coverslips and loaded with 2 µM fura-2/AM for 30 min in HBS medium consisting of (in mM) 135 NaCl, 6 KCl, 1 MgCl 2 , 1 CaCl 2 , 5.5 glucose, 10 HEPES, pH 7.4 (NaOH). This solution was supplemented with 0.2 % (w/v) bovine serum albumin. Coverslips were mounted on a monochromator-equipped (Polychrome UV, TILL-Photonics, Germany) inverted microscope (Axiovert 100, Carl Zeiss, Germany). The fluorescence of fura-2 and of eYFP was sequentially excited at 340, 380 and 475 nm, filtered through a 512-nm long-pass filter and recorded with a 12-bit cooled CCD camera (IMAGO, TILL Photonics, Germany). The calibration of the calcium concentration was performed using a regression-based spectral unmixing method as described by (13) . For confocal imaging of the PKCα-YFP translocation, experiments were performed with an LSM510 inverted laser scanning microscope and a 63x/1.4 Plan-Apochromat objective (Carl Zeiss MicroImaging, Inc.). CFP was excited with the 458-nm line of an argon laser, and emitted light was collected with a 470-500-nm band pass filter. YFP was excited with the 488-nm laser line, and emission was recorded with a 530-560-nm band pass filter. To obtain a measure for the membrane translocation of PKCα-YFP, regions of interest were defined over the cytosol of the cell (F cyt ). To detect agonist-induced changes in the plasma membrane association, the resulting ratios were normalized to the initial values. In each imaging experiment 20-40 individual cells were analysed and averaged. Means of the indicated number of individual experiments were calculated and expressed as mean ± SEM.
EXPERIMENTAL PROCEDURES

Cell
RESULTS
The biophysical and pharmacological properties of TRPA1 were investigated in a heterologous expression system. TRPA1 was either transiently expressed in HEK293 cells or stably expressed in a HEK293 TRPA1 cell line. There were no differences in TRPA1 characteristics detectable apart from a higher TRPA1 current density in the stable cell line compared to transiently transfected HEK293 cells.
Trinitrophenol induces Ca
2+
influx through recombinant human TRPA1-We initially used ratiometric single cell calcium imaging to investigate the effect of trinitrophenol on TRPA1 gating. The basal level of the intracellular calcium concentration ([Ca 2+ ] i ) and the basal Mn 2+ influx (data not shown) were higher in HEK293 cells transiently expressing TRPA1 compared to nontransfected cells on the same coverslip or mocktransfected HEK293 control cells, indicating a basal activity of TRPA1 (Fig. 1A) . The addition of 500 µM trinitrophenol induced a rapid and sustained increase in [Ca 2+ ] i similar to responses elicited by 10 µM AITC (Fig. 1A, 1B ). The rise in [Ca 2+ ] i could be almost completely reversed by addition of 10 µM ruthenium red, a broad spectrum TRPV and TRPA1 channel blocker. A trinitrophenol-induced calcium entry was not present in non-transfected control cells (Fig. 1A , 1B) or in HEK293 cells transiently expressing the sensory TRP channels TRPM8 or TRPV1 (Fig.  1B) . One should mention that calcium imaging experiments were hampered by the fact that, upon addition of trinitrophenol, UV illumination at 340 and 380 nm led to a decrease in fura-2 fluorescence. To verify TRPA1 activation by trinitrophenol without UV illumination of the pobe, we used a PKCα-YFP fusion protein bearing a Ca 2+ -sensitive C2 domain as a cellular read-out sensor for intracellular calcium that is excited at longer wavelengths. Under resting conditions of the cell, PKCα is located in the cytoplasm and is targeted to the plasma membrane in response to a rise in [Ca 2+ ] i (14) . In unstimulated TRPA1-expressing HEK293 cells, PKCα-YFP exhibited a homogenous cytoplasmic fluorescence. Within 20 s after addition of trinitrophenol, a PKCα-YFP translocation to the cell membrane was visible ( Fig. 2A ) which was absent in Ca 2+ -free bath solutions and, thus, most likely reflects a Ca 2+ -influx through activated TRPA1 channels. Translocation of PKCα-YFP could be partially reversed by addition of ruthenium red ( Fig. 2A, 2C ). When TRPA1-expressing cells were preincubated with ruthenium red, the PKCα-YFP distribution was unaltered by addition of trinitrophenol (data not shown). This was also the case in control experiments with HEK293 cells expressing PKCα-YFP alone but no TRPA1 which did not show any PKCα-YFP translocation in response to trinitrophenol addition (Fig. 2D ). The activation of TRPA1 by noxious cold remains a controversial topic. When we exposed the cells to 8°C cold media we did not observe a translocation of PKCα-YFP to the plasma membrane (n = 4, data not shown), indicating no significant cold activation of TRPA1 in our hands. To investigate whether other TRP channels are also sensitive to trinitrophenol in this assay, we conducted experiments as described above but using heterologously expressed TRPV4. TRPV4 can be activated by hypotonic cell swelling (15) and is thus another candidate for a mechanosensitive channel (16) . In HEK293 cells transiently expressing both, PKCα-YFP and TRPV4, trinitrophenol failed to induce a translocation of PKCα-YFP to the plasma membrane indicating an absence of trinitrophenol activation of TRPV4. As a control for an intact TRPV4 function in our assay, we subsequently activated the channel using 1 µM 4α-PDD which led to an immediate PKCα-YFP translocation (Fig.  2B ). These data, together with the absence of trinitrophenol-induced TRPM8 and TRPV1 activation in calcium imaging experiments, suggest that trinitrophenol is not an unspecific activator of TRP channels.
Electrophysiological characterisation of the trinitrophenol-evoked TRPA1 current -Addition of trinitrophenol clearly led to an elevation of [Ca 2+ ] i in TRPA1-expressing cells. We next wanted to investigate the electrophysiological properties of the currents evoked by trinitrophenol. All experiments shown were carried out in the absence of extracellular calcium to prevent time-dependent loss of channel activity (17) . As illustrated in Fig.  3A , application of 500 µM trinitrophenol to HEK293 TRPA1 cells resulted in significant increases in whole-cell currents, which were absent in control parental HEK293 cells (Fig. 3B) . We tested different concentrations of trinitrophenol for their ability to activate TRPA1. A concentration of 100 µM trinitrophenol failed to activate any significant TRPA1 currents, whereas the addition of 200 µM led to a small increase in channel activity. We could not obtain a full-dose response curve because of solubility problems of trinitrophenol and an increased instability of the patch at trinitrophenol concentrations above 1 mM. The activation of TRPA1 by trinitrophenol was fully reversible and reapplication of trinitrophenol repeatedly induced current activation. To confirm that trinitrophenolactivated currents are indeed mediated by TRPA1, we characterised the current-voltage relationship of the evoked current. Voltage ramps from -100 mV to +100 mV confirmed the marked outward rectification and demonstrated a reversal potential close to 0 mV ( Fig. 3C ) and, thus, were similar to AITC-evoked TRPA1 currents. In accordance with the calcium imaging experiments, trinitrophenol failed to activate currents in TRPV1-and TRPM8-expressing HEK293 cells (Fig. 3C ) We used step protocols to determine gating characteristics of the channel (Fig. 3C, 3D) . A prepulse of +160 mV was used to fully activate TRPA1 channels in the presence of trinitrophenol. Voltage steps to negative holding potentials then led to an inactivation of the channel which resulted in distinct tail currents that could be described with a monoexponential function (Fig. 3D, upper  graph) . The time constant for inactivation varied with the potential applied, from 3.5 ± 0.6 ms (n =5) for a voltage step from +160 mV to -160 mV to 10.5 ± 1.6 ms (n = 5) for a voltage step from +160 mV to -20 mV. In contrast, a prepulse of -160 mV led to an almost complete inactivation of the trinitrophenol-activated TRPA1 channels and was followed by a slow reactivation after steps to positive holding potentials (Fig. 3D, lower graph) . We next wanted to know whether trinitrophenolinduced TRPA1 currents exhibit the same single channel characteristics as when activated by AITC. Fig. 4A illustrates that the basal single channel activity in the on-cell configuration was low and that after addition of trinitrophenol to the bath solution, channel activity was clearly elevated (Fig.  4B) . The activation usually occurred with a delay of about 20 s. Note the strong voltage-dependence of the open probability which was higher at positive potentials. A unitary conductance of 106 pS ± 5.5 pS (n = 6) was calculated from I-V-curves as shown in Fig. 4D based on amplitude histograms (like that in Fig. 4C ) compiled for channel activity recorded at a range of different voltages. The calculated single channel conductance is very similar to the one that has been previously reported for AITC activation of TRPA1 (98 ± 16 pS, (17)). As the I-V-relationship of the unitary currents was linear with a reversal potential close to 0 mV the outward rectification of the whole-cell current is caused by the higher open probability at positive potentials. We can exclude a possible role of the cytoskeleton in the trinitrophenol-induced activation of TRPA1 as the evoked currents were not abolished after incubating the cells for 2 -4 hrs in 2 µM cytochalasin D (data not shown).
Modulation of AITC-induced TRPA1 currents by chlorpromazine -We next investigated the influence of chlorpromazine on TRPA1 gating. Chlorpromazine is positively charged and has previously been shown to induce a cup-forming of the plasma membrane and might therefore gate TRPA1 channels via exhibiting mechanical stress to the lipid bilayer. Chlorpromazine alone showed little or no effect on TRPA1 gating. Only in cells which exhibited a constitutive TRPA1 activity, an unexpected modification of the gating characteristics could be observed (data not shown). These effects were more clearly discernible when TRPA1 was previously activated by AITC. AITCinduced TRPA1 currents are usually characterised by an outwardly rectifying I-V-curve. Fig. 5A and 5B depict TRPA1 gating in response to 10 µM AITC. Tail currents were recorded after a prepulse to either -160 mV or +160 mV. Chlorpromazine affected the tail currents in a complex manner: i) the inactivation at negative potentials was less pronounced, resulting in an increased current density at negative holding potentials, and ii) chlorpromazine caused a voltage-dependent block of the current at holding potentials between +20 mV and +80 mV (Fig. 5C, 5E ). The reversal potential of the elicited current remained unchanged. This modified current is most likely carried by TRPA1 as it is absent in control cells and can be blocked by ruthenium red (Fig. 5F ). Again, these changes were unaffected by elimination of the actin cytoskeleton with cytochalasin D. To further study the nature of the chlorpromazinedependent modulation of the AITC-induced TRPA1 current we conducted single channel recordings in the cell-attached configuration. The unitary conductance was unaffected by additional chlorpromazine application (103 ± 2.9 pS; n = 4 before addition of chlorpromazine vs. 104 ± 6.2 pS; n = 3 following chlorpromazine application) but the gating behaviour of the single channels changed substantially. Channels exhibited shorter but more frequent opening events at positive holding potentials and an increased open probability at negative holding potentials. This is evident in the example traces (Fig 6A, 6B) in the open time histograms at different voltages (Fig. 6  C) , and in the open probability of single channels (Fig. 6 D) . We determined the mean open times of AITC-activated TRPA1 channels at positive and negative holding potentials with t open = 20.9 ± 3.9 ms (n = 5) at +80 mV and t open = 2.9 ± 0.33 ms (n = 5) at -80 mV. The values are in a good agreement with a previous study (t open = 4.4 ± 5.9 ms at -80 mV) (17) . Additional exposure of the AITCactivated TRPA1 cells to chlorpromazine significantly lowered t open to 1.9 ± 0.1 ms (n = 5) at +80 mV holding potential while mean open times at -80 mV remained almost unchanged (t open = 3.9 ± 0.8; n = 5). The closed times of the TRPA1 channel changed also but can only be approximated as the absence of multiple openings during long continuous recordings does not ensure that only one active channel is present in the patch. The acute application of chlorpromazine to cellattached patches exhibiting AITC-evoked single channel activity led to a decrease in the closed time of the channel by a factor of 9 both at positive and negative holding potentials. We examined the voltage-dependent open probability (P o ) of AITCactivated TRPA1 channels in the absence and presence of chlorpromazine (Fig 6D) . At negative and low positive holding potentials, P o was increased about 5-fold in the presence of 50 µM chlorpromazine and was only slightly decreased at positive holding potentials. Thus, under physiological conditions at negative membrane potentials an exposure of TRPA1 expressing cells to chlorpromazine would lead to an increased excitability of these cells.
Activation of TRPA1 currents by the tarantula toxin GsMTx-4 -
The tarantula toxin GsMTx-4 has been shown to block a range of stretch-activated ion channels (18;19) . The proposed mechanism of the block presumably involves partitioning of the amphipathic peptide into the outer leaflet of the plasma membrane (20) . To test if GsMTx-4 shows a similar effect on TRPA1 currents, we have exposed HEK293 TRPA1 cells first to trinitrophenol to elicit TRPA1 currents and then, additionally, to 1 µM GsMTx-4 to study a possible gating modification. Surprisingly, GsMTx-4 did not lead to an inhibition of TRPA1 currents but to a massive increase in whole-cell currents (Fig 7A) exhibiting similar properties as TRPA1 with a reversal potential close to zero and marked outward rectification. We next wanted to know if GsMTx-4 can activate TRPA1 channels also in the absence of another stimulus. Indeed, 1 µM GsMTx-4 alone was capable of activating large TRPA1-like currents in HEK293 TRPA1 cells which were absent in untransfected HEK293 control cells (Fig 7C) , thus, making GsMTx-4 a novel and interesting tool for identifying TRPA1 currents in native cells.
DISCUSSION
The highly asymmetric lipid composition of the membrane leads to charge asymmetries within the lipid bilayer. In mammalian cells, the inner leaflet of the plasma membrane is about 4 times more negatively charged compared to the outer leaflet (21) . These charge asymmetries cause cationic amphipathic molecules such as chlorpromazine to accumulate preferentially within the inner leaflet of the plasma membrane while anionic amphipathic molecules like trinitrophenol are expected to remain in the less negatively charged outer leaflet of the lipid bilayer. At high concentrations, the differential insertion of the amphipathic molecule into the outer and inner leaflets then induces a curvature of the membrane (analogue to cell shrinkage) and a crenation (analogue to cell swelling), respectively. In this context trinitrophenol has previously been shown to expand the exterior leaflet of the lipid bilayer and induce erythrocytes to crenate (12) . Hereby arising transversal forces can influence mechanosensitive channels, as it has already been shown for trinitrophenol-induced activation of bacterial mechanosensitive channels (9) and mammalian neuronal mechanosensitive K + channels (11) . Chlorpromazine can activate and inhibit mechanosensitive channels via a cup-forming of the membrane and an activation has been shown for mechanosensitive channels in E. coli (9) while hTREK-1 channels are inhibited by chlorpromazine (22) . Bautista et al. showed that acrolein (2-propenal) and related compounds such as 2-pentenal stimulate TRPA1 currents (8) . Considering the increasing number of TRPA1 agonists, which are at least partly structurally unrelated, one should consider the possibility that for some of the substances an activation might occur not via a direct binding to the channel protein itself. Acrolein, for example, has been also shown to induce dramatic changes in cell morphology in PC12 cells (23) indicating that a TRPA1 activation might also be caused by mechanical stress. In our study we could clearly demonstrate an activation of TRPA1 by the negatively charged trinitrophenol in calcium imaging experiments as well as in electrophysiological recordings. On the other hand, the positively charged phenothiazine drug chlorpromazine modified TRPA1 gating in a voltage-dependent manner: the open probability at positive potentials was slightly affected whereas the open probability at negative holding potentials was significantly increased. This overall effect on the open probability is caused by a shortened closed time of the single channels at both positive and negative holding potentials together with a reduced open time only at positive holding potentials. We suggest that the results of this study may give a first indication of a direct modulation of TRPA1 by local mechanical forces, as has been already described for other mechanosensitive K + and Cl -channels where chlorpromazine and trinitrophenol were used in a similar concentration range (9;10;24;25). Despite strong indices for a mechanically induced modulation of TRPA1 by those molecules, other explanations for the observed gating modifications of TRPA1 have to be taken into account. (i) the incorporation of charged amphipathic molecules could change the surface charge distribution within the membrane which in consequence might influence a voltagedependent activation of TRPA1. Incorporation of negatively charged anionic trinitrophenol into the outer leaflet or of positively charged chlorpromazine into the inner leaflet of the plasma membrane would be expected to influence TRPA1 gating in a similar manner. However, we think that it is unlikely that this effect alone is responsible for the observed changes in channel gating as both molecules, chlorpromazine and trinitrophenol, modify TRPA1 gating in different ways. Moreover, TRPM8 and TRPV1 channel opening should be facilitated in a similar manner as they exhibit a comparable outward rectification but we failed to detect any activation of these channels by trinitrophenol in calcium imaging experiments or electrophysiological recordings. (ii) conflicting results have been reported concerning the activation of TRPA1 by an elevation of [Ca 2+ ] i . A study by Jordt et al. (2004) provided evidence that a rapid rise of [Ca 2+ ] i caused by addition of thapsigargin is sufficient to activate TRPA1, a finding we could confirm in our experiments (data not shown). Addition of trinitrophenol and chlorpromazine might lead to changes in the intracellular calcium concentration. Indeed, for chlorpromazine it has previously been shown that it can increase the release of calcium from intracellular stores in cultured HUVEC cells (26) . To avoid calcium-dependent effects on TRPA1 gating we conducted all experiments in the absence of extracellular calcium and with intracellular calcium buffered with 5 mM EGTA. Besides this, depletion of intracellular stores by 1 µM thapsigargin prior to stimulation of the cells with trinitrophenol and chlorpromazine did not abolish TRPA1 activation (data not shown) indicating that changes in the calcium concentration are not responsible for TRPA1 gating modification. (iii) finally, we can not rule out the possibility that the modulation of TRPA1 gating occurs via a direct binding of the molecules used in this study to the channel proteins. Chlorpromazine, for example, has previously been shown to affect various other ion channels: it inhibits HERG potassium channels (27), prevents store-operated calcium entry in PC-12 cells (28), blocks brain SK channels (29), and inhibits P-and N-type calcium channels (30) and the interaction occurs presumably via direct binding to the channel itself. Hinman et al. could show that TRPA1 channel activation by some agonists can occur through covalent modification of cysteine residues within the cytoplasmic N terminus of the channel (31). However, we do not think that this is the case for the observed gating modification of TRPA1 in our study, as covalent modification should lead to an irreversible modulation of the channels function. Chlorpromazine alters some biophysical features of TRPA1 (e.g. increasing the open probability at negative potentials and a voltage-dependent block at positive potentials). When looking for mechanically activated conductances in primary cells expressing TRPA1 one has to consider that the biophysical fingerprint might not be the same as for AITC-activated currents. Recently, a peptide toxin, GsMTx-4 from the Chilean rose tarantula Grammostola spatulata, has been isolated that provides the first specific tool for studying mechanosensitive ion channels (18) . The amphipathic peptide GsMTx-4 blocks a range of stretch-activated channels possibly not via binding to the channel proteins themselves but by accumulating in the outer sheet of the plasma membrane at the interface between the channel protein and boundary lipids (32) where it is believed to relieve lipid stress resulting in a shift of the activation curve towards stronger stimuli. In this context, also an inhibition of TRPC1 and TRPC6 activity by GsMTx-4, acting as a gating modifier, has been shown (19;33). Here, we present a contrary effect of GsMTx-4 on another candidate for a mechanosensitive channel, namely the activation of TRPA1. Incorporation of the toxin peptide into the outer leaflet of the plasma membrane might lead to a membrane deformation similar to the effect evoked by trinitrophenol. Also an interaction of the toxin with an yet unlocated voltage sensor of TRPA1 might account for TRPA1 channel openings by GsMTX4. For example, the inhibition of Kv channels by hanatoxin, another cysteine knot G. spatulata toxin, is caused by binding of the toxin to the voltage sensor, stabilising its resting conformation (34). Perhaps, binding of GsMTx-4 to a functionally equivalent region of TRPA1 will favour an active conformation of the channel, a mechanism which has already been suggested for activation of the capsaicin receptor by spider toxins (35). Future studies will be required to fully elucidate the nature of the interaction of TRPA1 with membrane perturbing agents, such as trinitrophenol, chlorpromazine and GsMTx-4. Amphipathic molecules have been shown to influence the membrane motor of OHC in a way that they inhibit cochlear function. Chlorpromazine treatment of OHC, for example, leads to a shift of the membrane voltage at which they exhibit maximal electromotile gain towards depolarised potentials (36). In contrast, salicylate, an anionic amphipathic molecule like trinitrophenol, inhibits cochlear function by additionally reducing the magnitude of OHC electromotility (37). Both drugs potentially exert their effect on OHC electromotility via membrane bending (36). A similar effect to the one reported for chlorpromazine has been assigned to . It is striking that TRPA1 which has been identified in hair cells of the inner ear, is modulated by similar compounds, pointing to a possible role of TRPA1 in modulating electromotility in OHC. Open square symbols represent peak currents (tail currents at negative potentials), filled circles represent plateau currents (average current of last 20 ms). For each cell the recorded current is normalised to the current obtained at +100 mV. A, Whole-cell current of a representative HEK293 TRPA1 cell in response to 500 µM trinitrophenol (TNP) and additional exposure to 1 µm GsMTx-4. Data were extracted from voltage ramps and depict the current at +70 mV and -70 mV. The inset shows 500 ms voltage-ramps from -80 mV to +80 mV applied at the time as marked in the current trace. B, Similar experiment as described as in A but without prestimulation with trinitrophenol. C, Pooled data of 5 independent experiments such as in A and B. The graph shows the current densities at +70 mV (open bars) and -70 mV (filled bars). Data were obtained from 500 ms voltage-ramps from -80 mV to +80 mV. Untransfected HEK293 cells serve as control.
FOOTNOTES
We would like to thank Dr. N. Tigue and Dr. S. Moore for providing hTRPA1 stable HEK293 cells and Andy Randall (University of Bristol, UK) for helpful discussions.
